Motivated by potential extensive applications in nanoelectronics devices of III-V materials, we calculate the structural and optoelectronic properties of two-dimensional (2D) InN as well as its three-dimensional (3D) counterparts by using density functional theory (DFT). Compared with the 3D form, the In-N bonding in the 2D InN layer is stronger in terms of the shorter bond length, and the formation of the 2D one is higher in terms of the lower cohesive energy. The bandgap of monolayer InN is 0.31 eV at PBE level and 2.02 eV at GW 0 level. By many-body GW 0 and BSE within RPA calculations, monolayer InN presents an exciton binding energy of 0.12 eV. The fundamental bandgap increases along with layer reduction and is converted from direct (0.7-0.9 eV) in bulk InN to indirect (2.02 eV) in monolayer InN. Under biaxial compressive strain, the bandgap of 2D-InN can be further tuned from indirect to direct.
Introduction
Since the discovery of graphene, 1,2 2D materials have attracted great interest due to their large surface area and unusual mechanical, electronic and optical properties. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] These novel properties make the 2D materials promising for applications in photocatalysis, nanoelectronic devices, energy storage, thermal conductors and even topological insulators. The III-V materials, in their bulk form developed over a rather long time, have also joined the 2D materials family. Boron-nitride (BN) sheets have the same planar honeycomb structure as graphene, and their ionic character causes an energy gap of 4.64 eV at the K point.
2
Layered hexagonal AlN, which was experimentally realized by Tsipas et al.
14 recently, displays transparent features in the visible light range. Monolayer honeycomb structured GaN, even if at high temperature, can remain stable, conrmed by hightemperature ab initio molecular-dynamics simulations. 15 The experimental realization of 2D materials by chemical vapor deposition and molecular beam epitaxy, etc, requires suitable substrates. A. K. Singh et al. 16 theoretically predicts that several transition-metal and rare-earth-metal substrates can be used to synthesize and stabilize 2D hexagonal III-V materials. Among III-V materials, bulk InN has a less than 1.0 eV direct bandgap which could be suitable for low-bandgap device applications such as future-generation solar cells because the nitride alloys can cover the whole solar spectrum range. 17 Doping other III or V element into the host could achieve an extent potential application prospect in optoelectronic and high power/temperature electronic devices including light emitting diodes (LEDs), laser diodes (LDs), solar blind photodetectors and heterostructure eld effect transistors.
18-21 2D materials display different properties from their 3D counterparts, and the knowledge of the 3D form cannot be directly delivered to the 2D one. To the best of our knowledge, the studies on the 2D-InN are rare and most of them are focused on the geometry, growth dynamics, and intrinsic electronic properties of monolayers. The optical properties, and the modication of optoelectronic properties of 2D-InN, which are of great importance for potential nanoelectronic and optical applications, remain open.
In this study, the mechanical, stability, electronic and optical properties of bulk and 2D hexagonal planar InN based on density functional theory (DFT) are investigated to elucidate the difference between bulk and 2D structure, to determine the effect of strain on bandgap of 2D-InN as well as the bandgap variation of bilayer and multilayer structures (include van der Waals). Besides, by many-body calculations, exciton binding energy of 2D-InN is also obtained. The paper is organized as follows. In Section 2, we describe details of computational methods. The results and discussions are provided in Section 3. Finally, a brief summary is summarized in Section 4.
Methods and computational details
All the theoretical calculations are carried out by using DFT 22 of the projector augmented wave method (PAW) 23, 24 as implemented in the Vienna ab initio simulation package (VASP). 25 The exchange-correlation potential is in the form of generalized gradient approximation (GGA) of the Perdew-Burke-Ernzerhof (PBE). 26 The plane-wave basis set is dened by an energy cutoff of 520 eV for all calculations. The structural optimization is allowed to relax until the maximum force on each atom becomes less than 0.001 eVÅ À1 and maximum energy change between two steps is smaller than 10 À6 eV. The G-centered 7 Â 7 Â 7 and 12 Â 12 Â 1 K-point meshes are used in the rst Brillouin zone for 3D and 2D InN respectively. The height of each unit cell of 2D InN is maintained at 20Å to eliminate the interaction between periodic images of slabs in z-direction. The van der Waals interactions that have a signicant role on layered materials are taken into account for the multilayered structures.
27,28
In order to overcome the bandgap problem of GGA potential, we employ HSE06 29 and quasiparticle (QP) GW 0 corrections, [30] [31] [32] because of their accuracy in describing the electronic structures of semiconductors and insulators. Regarding the optical response calculations, the random phase approximation (RPA) 33, 34 is undertaken on top of HSE06 and GW 0 approaches. The attraction between quasi-electron and hole (on top of GW 0 approximation) by solving BSE 35, 36 is taken into account. A unied K-point mesh 36 Â 36 Â 1 is adopted for the GW 0 and BSE methods, which is enough for BSE calculation. The total number of empty bands is 336 used for the GW 0 calculations. The six highest valence bands and the eight lowest conduction bands are included as basis for the excitonic state. BSE is solved using the Tamm-Dancoff approximation.
Results and discussions

3D InN crystals
We carry out structure optimization and electronic structures calculations of wurtzite (wz) and zinc-blende (zb) InN crystals with GGA-PBE and HSE06 potentials, respectively. The equilibrium lattice constants, In-N bond length d, cohesive energy per In-N pair E c , bulk modulus B and direct bandgap E G-G of wz and zb-InN are presented in Table 1 and Table 2 Here, the cohesive energy per In-N pair (E c ) can be given by,
where E(In) and E(N) represent the energies of free In and N atoms and E(InN) is the optimized total energy of InN. The higher the positive E c , the stronger is the binding. The experimentally measured E c is 7.97 eV, 41-45 our obtained value is 10.12 eV. Meanwhile there are some other theoretical results of 8.69 and 6.87 eV. In addition, the predicted bulk modulus is 82.04 GPa, which is lower than the experimental values of 125 GPa.
As for zb-InN, the lattice constant obtained from previous theoretical result is between 4.94 and 5.11Å 37, 38 and is predicted here as 5.10Å, which is 2.41% larger than experimental value of 4.98Å. [43] [44] [45] [46] [47] The equivalent In-N bond length is 2.21Å. The cohesive energy per In-N pair calculated as E c ¼ 9.57 eV is slightly smaller than that of wz-InN because thermodynamically stable phase of 3D InN crystal has a wurtzite structure, which corresponds to a global minimum. Furthermore, the bulk modulus of 97.74 GPa is smaller than experimental value of 137 GPa. Fig. 1 shows the band structures of wz and zb-InN crystals obtained by using PBE and HSE06 methods. The energy bands Table 1 Lattice constants a ¼ b and c, c/a ratio, bond length d, cohesive energy per In-N pair E c , bulk modulus B, and direct bandgap E G-G of wz-InN crystal calculated by using PBE and HSE06 approaches. For the sake of comparison, values obtained from the previous theoretical studies and experiments are also included of wz-InN calculated by PBE predict a near zero bandgap, which is largely underestimated with respect to the reported experimental values of 0.78-0.9 eV. [41] [42] [43] [44] [45] With corrections by using HSE06, the direct bandgap increases to 0.50 eV, while it maintains 0.28 eV below the experimental value. Similar to wz structure, as shown in Fig. 1(b) , zb-InN exhibits a near zero bandgap with PBE. Aer HSE06 corrections, it has a direct bandgap 0.30 eV, which is still 0.40 eV smaller than experimentally measured value. Our prediction agrees with the previous calculations within PBE and HSE corrections.
37-40
3.2 2D InN 3.2.1 Stability and geometry-based properties. To provide a consistent comparison with 3D crystals to reveal the effect of dimensionality, we rst establish three possible structures of 2D-InN, which are hexagonal (H), tetragonal (T) and V-shaped (V) structures, as shown in Fig. 2 . The H structure (Fig. 2(a) ) has the space group P 6M2 and of which the orbital hybridization is sp 2 . The T structure (Fig. 2(b) ) has the space group P4/NMM, unlike the threefold coordinated planar hexagonal structure, each cation and anion in the T structure is bonded to four neighboring anions and cations, respectively. 48 The V structure (Fig. 2(c) ) with the space group PMN21, which has inequilateral hexagonal rings from the top view. The orbital hybridization in the V structure is neither sp 2 nor sp 3 . In order to determine the dynamical stability of each structure, the phonon spectra are calculated in Fig. 3 . For the T and V structures, there exist imaginary frequency in the calculated frequencies of phonon modes, which reveal instability. The phonon dispersions of H structure are positive and indicate stability, which are similar to previous calculated results.
48-50
For optimized H structure, hybrid orbitals of In-sp 2 and N-sp 2 form s-bonds along In-N bonds arranged as a hexagon.
Due to the planar sp 2 bonding, the bond angle between In-N bonds is 120 . In addition to three sp 2 hybrid orbitals of each constituent, In and N, their p z orbitals are perpendicular to the plane of InN. While the s-bonds attain the strength of InN, the p-bonds between nearest In-p z and N-p z orbitals maintain the Fig. 1 The electronic band structures of (a) wz and (b) zb-InN are obtained by using PBE (black solid curve) and HSE06 (red dashed curve) methods, respectively. The direct band gap E G-G by HSE06 is indicated. planar geometry of InN. 15 The optimized atomic structure and its lattice constant a, bond length d, cohesive energy E c and minimum value of the energy gap, E g calculated by using PBE, HSE06 and GW 0 together with previous theoretical results are shown in Fig. 2(a) Fig. 4 shows the band structures from PBE, HSE06 hybrid functional and GW 0 method and Table 3 compares the bandgaps with present theoretical values. The valence band maximum (VBM) occurs at the K point, whereas the conduction band minimum (CBM) appears at the G point. Accordingly, the energy bands calculated by PBE predict an indirect bandgap E G-K ¼ 0.31 eV. With corrections by using HSE06 and GW 0 methods, indirect bandgap increases by 1.17 and 1.71 eV respectively. This is different from corresponding 3D wz(zb)-InN crystals, which have a near zero bandgap by PBE and a direct bandgap (0.50 eV) for wz and 0.30 eV for zb by HSE06. Obviously, the fundamental bandgap increases along with dimensionality reduction and is converted from direct to indirect, as the same of GaN. 15 From the partial density of states (PDOS) by HSE06, we can note that the VBM is mainly from the N-p states together with certain contributions from the In-p states, while the CBM is dominated by the In-s states hybridization with the N-s states.
Optical properties.
We use HSE06 functional and quasiparticle GW 0 corrections within RPA to obtain the optical absorption energy. The electron-hole (e-h) interactions are taken into account by solving the BSE. In Fig. 5(a) , we show imaginary part of the dielectric function for 2D, bulk wz and zb-InN, all the calculations using HSE06-RPA. The rst absorption peak of 2D-InN is at 1.49 eV within near-infrared regime, which yields a blueshi compared to wz and zb-InN with the rst absorption peak at 0.51 and 0.28 eV respectively. There is another single distinct peak at 2.23 eV. WZ-InN displays similar features that three peaks around 1.10, 1.93 and 2.64 eV. ZB-InN shows a broadened absorption phenomenon, leading to multipeaks, occurring in the vicinity of 1.4 and 2.4 eV. The oscillator strengths of major peaks in 2D-InN are evidently lower than those of wz(zb)-InN due to weaker linear optical response of a single-layer InN. Bulk wz(zb)-InN crystals are periodically repeated multiples of buckled InN planes along z direction. Hence, the optical spectra of monolayer and bulk InN show signicant differences, indicating that they could be used for different optoelectronic applications.
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The absorption spectrum of 2D-InN given by GW 0 -BSE calculation is displayed in Fig. 5(b) , together with GW 0 -RPA spectrum. We can obtain that the oscillator strengths of these peaks are enhanced considerably with electron-hole interactions taken into account. Under the quasiparticle direct bandgap (2.02 eV), there is a very signicant light absorption peak (1.90 eV). This result is substantially dominated by the excitonic effect, due to the e-h interactions stemming from weak screening in low-dimensional InN. Comparing the lower GW 0 -BSE peak with quasiparticle bandgap excitation indicates the exciton binding energy is 0.12 eV, which is apparently higher than that of its wurtzite bulk structure (25 meV). 52 The strongly bound excitons underline that for 2D-InN, e-h interaction can be signicant to enhance the optical features in the absorption spectrum. The exciton effect is slightly weaker than that of other two-dimensional III-V materials, such as 1.7 eV in AlN monolayer honeycomb. Fig. 4 The electronic band structure of monolayer InN is obtained by using PBE, HSE06 hybrid functional and GW 0 method and indirect bandgap E G-K is indicated. The corresponding partial density of states (HSE06) is given in right side. Here we examine the effect of strain on the fundamental bandgap of 2D-InN within PBE. Fig. 6 shows the values of bandgaps as a function of applied strain in the range of À8% to 2%. The positive and negative values of strain correspond to lattice expansion and compression, respectively. The bandgap of monolayer InN decreases under biaxial tensile strain, while it still remains an indirect semiconductor. When a biaxial compressive strain is exerted, monolayer InN converts from an indirect to direct bandgap. The bandgap increases to 0.69 eV at a À2% strain and continuously increases from 0.69 to 0.89 eV as strain up to À6%. Nevertheless, the further increase of strain up to À8% doesn't change the gap much. This variation is analogous to BN. 53 Our calculations demonstrate that the bandgap of monolayer InN is sensitive to the biaxial strain, and exists an indirect to direct transition point, which is promising for optoelectronic applications due to their tunable bandgaps. Furthermore, those results would give a guild to nd a suitable substrate.
3.2.5 Layer dependence. Previous investigation shows thickness of two-dimensional materials has a signicant effect in electronic properties. We explore this aspect of 2D-InN up to four layers and reveal its properties within HSE06 potential. The optimized structures for monolayer, bilayer, trilayer and fourlayered InN are shown in Fig. 7 , where the stacking sequences is hexagons on top of each other, with the In atom being above N.
The lattice constant and bond length have no signicant change with increasing layer up to three layers, an increase is found in four-layered InN, as listed in Table 4 . However, interlayer distance and minimum bandgap display the different trend that they decrease with increasing layers, since interlayer interaction increases. The fundamental bandgap which is shown in Fig. 8 decreases from 1.48 eV to 1.08 eV in bilayer, to 0.95 eV in trilayer and to 0.40 eV in four-layered, these bandgaps are direct. There exists a crossover from indirect to direct in multilayered InN. Our calculations give a trend of band structure evolution with layers and the results shown here indicate rapid bandgap reduction. It indicates that the optoelectronic properties of layered 2D-InN can be controlled and tuned by modifying their structures.
Conclusions
We perform mechanical, electronic and optical properties of monolayer and few layers 2D-InN as well as 3D counterparts based on density functional theory. The In-N bond of 2D-InN is 0.11Å shorter than that of 3D wz(zb)-InN indicating stronger bonding, despite the stronger bonding in planar InN, 3D wz-InN crystal has a higher cohesive energy. Going from 3D to 2D InN, the bandgap increases and is converted from direct to indirect. In optical properties, the absorption spectrum yields a blueshi compared to (wz)zb-InN. By many-body calculations, 2D-InN presents an exciton binding energy of 0.12 eV. When a biaxial compressive strain is exerted, monolayer InN changes from an indirect to direct semiconductor, which is promising for optoelectronic applications due to their tunable bandgaps. Finally, we investigate the bandgap variation of bilayer and multilayer structures (include van der Waals) that decreases from 1.48 eV to 0.40 eV in four-layered InN, these bandgaps are direct. This indicates that the optoelectronic properties of layered 2D-InN can be controlled and tuned by modifying their structures.
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